T he ability to genetically modify specific cell types is essential in defining their contributions to physiological systems, such as the functional role of neural subsets in brain computation and behavior. Genetic classifiers are synthetic gene expression systems designed to restrict transgene expression to particular classes of cells, to facilitate cell-type characterization. Most commonly, they rely upon transcriptional promoters with tissue-restricted expression patterns to define cellular specificity. It has been challenging to develop genetic classifiers for use in the brain, due to the limitations of current gene delivery methods and difficulties identifying and recapitulating natural neuron-type specific promoters. While whole animal transgenic techniques have provided invaluable resources for targeting gene expression to specific cells, viral gene delivery remains an important technique to further expand the utility of transgenic models, 1 to target gene expression in genetically intractable species, and to advance human gene therapy. Viral techniques are particularly important in the brain because nonviral methods tend to be inefficient in transducing postmitotic cells such as neurons.
One major challenge facing viral gene delivery is the limited DNA packaging capacity characteristic of the most reliable and widely used gene therapy vectors, lentivirus and adenoassociated virus (AAV). 2, 3 Consequently, there are usually complications effectively packaging large cell-type-specific promoters in these viruses. Some shortened promoters have achieved remarkable specificity in lentiviral or AAV vectors; 3−5 however, for many cell types it is difficult to identify a short promoter element with sufficient specificity. 2, 3 Viral pseudotyping has been explored as a supplemental means of increasing targeting specificity; 6, 7 however, envelope protein choices are limited, and modifications are often difficult to engineer while maintaining virus stability. Here we explored an alternative classifier platform, ideally suited for viral delivery, which exploits endogenous microRNA (miRNA) regulation to target gene expression to specific neuron subtypes in the living brain.
miRNAs are small (∼20 nt), noncoding RNAs that inhibit gene expression by hybridizing to complementary recognition sites within mRNA transcripts, leading to repressed translation or direct degradation of their gene targets. A given miRNA tends to regulate sets of related genes, and its expression is usually correlated to that of its downstream targets. 8 Genetic classifiers incorporating miRNA recognition sites have been demonstrated extensively in cell culture. 9, 10 Because miRNAs are inhibitory, miRNA-based classifiers function by blocking expression in off-target cells rather than positively driving expression in target cells, and thus it presents additional challenge to design such classifiers to exclude all off-target cell types for in vivo applications. Viral miRNA-based classifiers have started to emerge for select applications in vivo, including improving gene expression targeting in the liver and spleen, 11−13 and restricting stem cell therapies to the tumor microenvironment. 11, 14, 15 Within the nervous system, micro-RNA-based classifiers have shown potential in restricting transgene expression to astrocytes 16 or photoreceptors.
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Exploiting miRNA regulation to target gene expression is an attractive technique for brain research due to the small footprint of miRNA sites (which facilitates viral packaging), the potential to engineer combinations of miRNA sites to tune selectivity, and the possibility of targeting the many neuron types in the brain for which no cell type specific promoters have been identified. In light of the recent characterization of neuron-type and brain-region specific miRNA profiles in mice, 18 we hypothesized that miRNA-based classifiers could be rationally designed to specify gene targeting not only between neurons and supporting cells, but between neural subtypes. To explore this principle, we designed several virally deliverable, neuron-type specific, miRNA-based classifiers (for simplicity, miRNA-guided neuron tags: mAGNETs), and tested the combinatory effects of different miRNAs in targeting a known cell type, cortical inhibitory neurons. Because of the size and complexity of natural inhibitory-neuron-specific promoters, it has been difficult to engineer lentivirus or AAV to target these cells. Much effort has been directed toward targeting inhibitory neurons with shortened promoters, 19 and a limited set of nonmammalian promoter sequences used in conjunction with AAV serotype targeting have shown promising selectivity. 3 Here, we present a novel neuron subtype targeting strategy, orthogonal to promoter-based strategies, that exploits endogenous microRNA regulation to target gene expression. We were able to achieve inhibitory-neuron-specific targeting using signature miRNAs that selectively inhibit expression in excitatory cells and spare expression in the targeted inhibitory cells. The presented mAGNETs demonstrate the feasibility of rationally designing neuron-type-specific classifiers driven entirely by miRNA regulation, completely orthogonal to promoter-or serotype-based gene targeting strategies.
To test the feasibility of using miRNA regulation to target neural subtypes, we designed several mAGNET classifiers specific to cortical inhibitory neurons. Because miRNA regulation is inhibitory, we analyzed the cell-type and brainregion-specific miRNA expression profiles reported by He et al. 18 seeking signature miRNAs strongly associated with excitatory neurons. We identified three signature miRNAs, miR-128, miR-221, and miR-222, which exhibited at least 1000 deep sequencing raw reads and had the greatest expression differences between excitatory and inhibitory neurons in the adult mouse cortex (see Table S1 , Supporting Information). We then designed several mAGNET constructs containing cassettes of recognition sites for two or three of these signature miRNAs (see Figure 1a) . The classifiers were built in lentiviral vectors containing a constitutive, nonspecific EF1α promoter driving the expression of an EGFP reporter gene, with miRNA recognition cassettes positioned within the 3′ UTR. We used an equivalent EGFP-only vector, without any miRNA recognition sites, as a control (see Figure 1a) .
To test our classifiers in the brain, we produced high-titer lentiviruses of each mAGNET and the EGFP control, and injected them into adult mice at two locations in the cortex (Figure 1b , n = 2 mice for every construct under every testing condition). To quantify cell type preference resulting from either the EF1α promoter or lentivirus tropism, we first analyzed EGFP expression patterns in mice injected with the control virus. We analyzed the colocalization patterns of EGFP + cells with an inhibitory neuron marker (GABA), an excitatory neuron marker (CamKII), and a glial cell marker (GFAP). In the cortex at 2 weeks postinjection, we found that approximately 13% of EGFP+ cells expressed GABA, 85% expressed CamKII, and 4% expressed GFAP (see Figure 1c and Table 1 , 71 cells analyzed for GFAP staining). Note that immunohistochemistry for each marker was carried out on separate brain slices. These results confirm that our lentivirus with an EF1α promoter infects primarily neurons (labeled only about 4% GFAP+ glia cells). Also, the observed 85% . N = 2 mice tested for each condition. When we performed immunohistological analysis in mice infected with lentivirus-packaged mAGNETs, we noticed that EGFP+ cells were sparsely distributed within cortical injection sites compared to observations in EGFP control animals (see Figure 1d ). The overall spread of EGFP+ cells appears similar in mice infected with the EGFP control or mAGNETs, suggesting that all viruses achieved identical efficiency in infecting cells, although mAGNET-labeled GFP+ cells are much more sparsely distributed. EGFP+ cells were clearly visible without any immunostaining and exhibit no observable difference in fluorescence intensity across mice, suggesting that the inclusion of miRNA recognition cassettes led to selective reduction of EGFP expression in some cells, but not all cells.
Together, these results demonstrate that inclusion of multiple miRNA binding sites within mAGNETs did not interfere with lentivirus packaging, which is sensitive to repetitive DNA sequences, and that mAGNETs targeted EGFP fluorescence to a sparsely distributed population of neurons.
We next further examined the mAGNETs' targeting specificities between excitatory and inhibitory neurons. When designing our mAGNETs, we noted that the expression level of candidate signature miRNAs varied drastically. For example, the raw sequencing reads for miR-128 and miR-222 span 4 orders of magnitude (see Table S1 ), suggesting that they might differ in transgene inhibition efficiency. We designed the first two mAGNET constructs to test the expression threshold for consideration as a signature miRNA. The 4X2C mAGNET contains recognition cassettes for the two signature miRNAs with the highest raw reads, miR-128 and miR-221, whereas the 4X3C mAGNET contains cassettes for all three (see Figure 1a) . At 2 weeks postinjection, we found that of the cortical EGFP+ cells transduced by either 4X mAGNET, ∼70% expressed GABA, and ∼24% expressed CamKII (see Figure 2a ,b, Figure  3b and Table 1 ). This result suggests that miR-222 does not contribute to mAGNET-mediated EGFP knockdown, and thus the expression threshold for consideration as a signature miRNA in this case is greater than 7200 raw sequencing reads (Table S1 ). These results demonstrate that miRNA expression threshold is a critical consideration for such classifier designs. The absolute threshold for a given application should probably be determined on a case-by-case basis, as it relies upon the strength of the promoter used in the viral vector, the ratio of miRNA expression in the target and off-target cells, the number of miRNA recognition site repeats, as well as other translation regulation factors.
To analyze the temporal dynamics of classifier specificity, we examined cells transduced by both 4X mAGNETs at 4 weeks postinjection, and found that GABA and CamKII colocalization remained the same for both mAGNETs (∼71% of EGFP+ cells were GABA+, 191 and 158 cells for the 4X2C and 4X3C mAGNET respectively) (see Figure 2 c,d ) compared to that observed at 2 weeks postinjection. This suggests again that miR-222 does not contribute to mAGNET-mediated EGFP knock down and that expression of the other signature miRNAs does not vary significantly over time. The temporal stability of mAGNET targeting suggests that these signature miRNAs may be associated with constitutive pathways in excitatory cells that require constant regulation. In fact, it was recently discovered that miR-128 is an essential regulator of neuronal excitability. 21 With further improvements, another interesting use for the presented mAGNET classifiers would be to selectively target and characterize the fraction of CamKII cells without repression, as they may constitute a novel subset of excitatory cells with different excitability.
We next tried to improve inhibitory neuron targeting by increasing the number of recognition sites for the two efficacious miRNAs. We designed one mAGNET with eight identical recognition sites for both miR-128 and miR-221, and another with 12 identical recognition sites for miR-128 only (8X2C and 12X1C mAGNETs, Figure 1a) . The 12X1C mAGNET-targeted EGFP expression exhibited 72−73% colocalization with GABA+ inhibitory neurons in the cortex (see Figures 2f, 3b and Table 1 ), nearly identical to that achieved with the 4X2C and 4X3C classifiers. The 8X2C mAGNET, on the other hand, exhibited an increased specificity toward cortical inhibitory neurons, presenting 80−83% colocalization with GABA (Figures 2e, 3b and Table 1 ). This level of specificity is considerable, given that inhibitory cells make up only 20% of cortical neurons and lentivirus has a slight infection bias toward excitatory cells. 7 These results affirm that multiplying the sites for one miRNA has only a small effect on repression, 22 and further suggest that the synergistic effects of several signature miRNAs can be tuned to improve specificity.
To further verify the identity of the inhibitory cell population targeted by the 8X2C mAGNET, we analyzed the colocalization of EGFP+ cells with α-parvalbumin (PV) and α-somatostatin (SST) (Figure S1 ), and found that 30% are PV + (n = 57 cells), and 51% are SST+ (n = 54 cells). Although identical expression levels of miR-128 and miR-221 in PV+ and SST+ neurons were reported, 18 miRNA activity may differ among inhibitory cell types within different cortical depth or layers. This suggests that with optimization, it may be possible to target specific subtypes of inhibitory neurons with mAGNET classifiers, a task that has proven difficult with shortened promoters. 3 Because our classifiers were designed based on cortical miRNA profiles, and miRNA expression has been shown to vary between brain regions, 18, 23 we further examined the targeting specificity at a site distant from the cortex. Each mouse also received an additional lentivirus injection in the hippocampus (see Figure 3a) , where cell-type-specific miRNA profiles are yet to be determined. We found that of the hippocampal EGFP+ cells transduced by any of the mAGNETs, <20% are inhibitory neurons (GABA+) and >80% are excitatory neurons (CamKII+), identical to results achieved with the EGFP control construct (see Figures 3b−d, S2 and Table 1 ). This indicates that miR-128 and miR-222 are not differentially expressed at high enough levels to bias mAGNET expression in hippocampal neurons. Tan et al. recently demonstrated that miR-128 governs the expression of ion channels relevant for motor control, and is several fold more prevalent in the cortex than in the hippocampus. 21 It is probable that the lower expression level of miR-128 in hippocampus as well as the additive knockdown by miR-222 is driving the cortex-specific inhibitory neuron targeting observed here. For all mAGNETs, inhibitory neuron targeting preference was consistent at the two cortical testing locations and across mice (see Figure 3b and Table 1) , and there was no significant targeting effect in the hippocampus (Pearson's chisquared test, see Supporting Information), indicating that our classifiers achieved brain-region specific targeting.
Finally, to test the possibility that miRNA-based classifiers might sequester miRNAs away from endogenous targets and affect cell phenotype, we characterized electrophysiological properties of neuron cultures transfected with one of our mAGNETs. After confirming a 98% cotransfection rate with calcium phosphate (n = 295 neurons examined), we inferred the identities of neurons cotransfected with the 4X2C mAGNET and a CamKII_mRuby2 excitatory cell labeling construct (see Figure S3a) as follows: EGFP+ only cells are inhibitory neurons that do not express CamKII, mRuby2+ only cells are CamKII-expressing excitatory neurons with miRNAmediated EGFP repression, and EGFP+/mRuby2+ cells are CamKII-expressing excitatory neurons without miRNA-mediated EGFP repression (Figure 4a ). We then recorded membrane currents using patch clamp recordings from neurons cotransfected with 4X2C mAGNET and CamKII-mRuby2, and those cotransfected with EGFP control and CamKII-mRuby2 (Figure S3c,d) . Current−voltage profiles (Figure 4b ,c) from neurons with various expression profiles showed no significant differences, indicating that mAGNET-mediated EGFP knockdown by endogenous miRNAs does not cause a significant change in electrophysiological properties measured here. Notably, we found that 4X2C mAGNET achieved a cortical inhibitory neuron targeting specificity of only 25% in vitro, (Figure S3b ), in sharp contrast to the ∼71% achieved in vivo (Table 1 ). This discrepancy indicates that neurons in culture have drastically different miRNA expression profiles than neurons in the brain, which is not surprising considering the distinct chemical and mechanical properties of their environment in culture. Thus, while in vitro neuron cultures represent an attractive larger-scale screening platform, it is preferable to optimize mAGNETs directly in vivo.
ACS Synthetic Biology
While it is desirable to maintain stable transgene expression levels for cell-type targeting applications, for other applications, miRNA regulation could be exploited to dynamically regulate transgenes and monitor phenotype changes. For example, classifiers based on highly variable signature miRNAs have been useful for monitoring neural stem cell differentiation. 24 In adult neurons, tools for monitoring phenotype changes, such as expression patterns of the transcription factor c-fos and the synthetic promoter E-SARE, 25, 26 have been designed to broadly target cells with elevated activity patterns. Better understanding of the pathways regulated by individual miRNAs will enable forward-engineering of mAGNET classifiers, providing a novel toolset to dynamically monitor a wide range of specific phenotype changes in adult neurons.
Here we have demonstrated the feasibility of using mAGNET classifiers to target a specific desired subset of neurons in the living brain, cortical inhibitory neurons. mAGNETs represent a compact, tailorable genetic classifier platform for neuron-type and brain-region specific gene expression targeting. The primary advantage of this classifier platform is that small miRNA recognition sequences can be easily packaged and modularly combined on the same circuit to tailor specificity in viral vectors relevant for gene therapy in the brain. The ∼82% targeting rate achieved using only two signature miRNAs demonstrates the potential of the mAGNET approach, although further optimization for greater specificity is desirable for many neuroscience applications. There are several avenues to continuing optimization, including altering the ratio and placement of miR-128 and miR-222 sites, and exploring alternative signature miRNAs and promoters. The strong, constitutive EF1α promoter used here may be driving transcription at a faster rate than the gene regulation capability of the signature miRNAs. Using a weaker promoter such as a synapsin promoter may allow more efficient repression in excitatory cells. One constraint in designing mAGNETs is that they are an inverse (inhibitory) targeting system, so signature miRNAs must be specific to off-target cells. However, we have shown that it is possible to choose one signature miRNA with high expression across many cell types and a high ratio of expression in off-target to on-target cell population(s) (ex. miR-128), which could potential eliminate the need of laboriously selecting signature miRNAs for each off-target cell type. Alternatively, mAGNETs could be engineered to utilize positive miRNA control through incorporation into multicomponent inverter circuits. 27 As the regulatory functions of individual miRNAs are further explored and quantitative models of miRNA regulation improve, 28 such classifiers can be designed for many neuroscience applications. For example, mAGNETs would be useful for targeting other difficult cell types in vivo and in genetically intractable species, targeting optogenetic 29 neurotechnologies to precisely characterize novel cell types, 30, 31 and monitoring dynamic phenotype changes in adult neurons. Furthermore, miRNA-based targeting could be used in conjunction with traditional promoter or Cre Recombinase strategies to enhance targeting specificity and reduce off-target effects, as has been demonstrated in other tissues. 13 Finally, as individual miRNAs are becoming increasingly linked to different neurological and psychiatric diseases, 32, 33 mAGNETs could prove an effective platform for targeting gene therapies to diseased neuron populations. While the mAGNETs reported here represent a simple proof-of-principle, elaboration and optimization of these neuron-type specific classifiers could have substantial implications for neuroscience research and the future of human gene therapy.
■ METHODS mAGNET Vector Construction. miRNA recognition sites were designed as the exact reverse complement of the identified signature mouse miRNAs. The designed miRNA recognition cassettes were positioned after GFP in a pHR-lentiviral transfer plasmid backbone (http://www.addgene.org/50839/) driven by an EF-1a promoter (http://www.ncbi.nlm.nih.gov/nuccore/ HQ644134.1). Single-stranded DNA oligonucleotides containing the miRNA sites were synthesized by IDT DNA, annealed, and cloned into the NotI sites within the backbone through standard molecular cloning procedures (for sequences see Supporting Information).
Lentivirus Production. Replication-incompetent lentivirus was packaged via triple transfections of pHR-4X2C_mAGNET, pHR-4X3C_mAGNET, pHR-8X2C_mAGNET or pHR12X1C_mAGNET lentiviral transfer plasmid (will be deposited to PubMed and Addgene), plasmid pMD2.G encoding for VSV-G pseudotyping coat protein (http://www.addgene.org/ 12259/), and pDelta 8.74 (http://www.addgene.org/5682) helper packaging plasmid, into HEK293FT cells (Life Technologies, R700−07) using TransIT-293 transfection reagent (Mirus Bio LLC, MIR 2700), and then purified through ultracentrifugation. Viral titer was estimated to be 10 9 particles/mL on the basis of established tittering correlations between in vivo observations and in vitro HEK293FT infection.
Stereotaxic Surgeries. All procedures were done in accordance with the National Institutes of Health Guide for Laboratory Animals and were approved by the Boston University Institutional Animal Care and Use and Biosafety Committees. We injected each virus at three locations in the adult mouse brain (two-month-old, female C57b6 wt mice): cortex1 (+1.000 mm ML, +1.800 mm AP, −1.250 mm DV), cortex2 (+1.000 mm ML, −1.500 mm AP, −0.900 mm DV) and hippocampus (+1.000 mm ML, −1.500 mm AP, −1.750 mm DV). Two mice were injected per condition (n = 12 mice total). One microliter of lentivirus was injected per site.
Immunohistochemistry. At two or 4 weeks postinjection, mice were sacrificed and perfused with 4% PFA. Brains were postfixed in 4% PFA for 2 h, flash froze in OCT, and then sectioned at 40 μm. Brian slices were stained with markers for GABA (Sigma, A2052), CamKII (Santa Cruz Biotech, sc-13082), GFAP (Millipore, AB5541), PV (Swant, PV25) or SST (Abcam, ab8904), followed by Alexafluor-568 goat-antirabbit or goat-antichicken secondary antibody and ToPRO-3 nuclear dye (Life Technologies).
Confocal Imaging and Quantification. Confocal imaging was performed on an Olympus FV1000 scanning confocal microscope, using a 60X water immersion lens. Z-stacks were taken by imaging at 2 μm intervals throughout the slices. EGFP + cell bodies were identified by comparison with ToPRO-3 nuclear staining, then each identified EGFP+ cell was categorized as immunopositive or immunonegative for the antibody stain. Note that staining for each marker was performed on separate brain slices. We analyzed 1−4 nonoverlapping confocal stacks from each of 2−6 slices per injection site, per mouse. At least 50 EGFP+ cells were analyzed per condition (see Pearson's Chi Squared Test). All hippocampal images were taken of the CA1 cell layer. Cortical Neuron Culture Transfection and Electrophysiology. All experiments were approved by Boston University Institutional Animal Care and Use Committee. Cortical neurons were harvested from CD-1 mice on postnatal day 0 or 1 as described previously. 34 Neuron cultures were transfected on day 5 with a combination of pHRCamKII_mRuby2 and either pHR-4X2C_mAGNET or pHREGFP_Control (1.5 μg per construct) via calcium phosphate transfection. Whole-cell voltage clamp recordings were performed on postnatal day 7 or 8 (n = 6−8 neurons per condition) with a Multiclamp 700A amplifier (Molecular Devices, LLC) controlled with pClamp 10 software (Molecular Devices, LLC). Cultured neurons were bathed in extracellular solutions that contained (in mM): 140 NaCl, 3 KCl, 2.5 CaCl 2 , 1.5 MgCl 2 , 10 HEPES, 11 glucose; (pH, 7.4, 305 mOSM). Patch electrodes were pulled from thick-walled borosilicate glass capillaries with resistances of ∼5 MΩ and filled with intracellular solution that contained (in mM): 130 K-gluconate, 2 NaCl, 7 KCl 1 MgCl 2 , 1 EGTA, 10 HEPES, 2 ATP-Mg, 0.3 GTP-Tris; the (pH, 7.4; 290mOSM). All experiments were performed at room temperature. Neuron culture cotransfection rates were determined by transfecting day 5 cortical neurons with a combination of pHR-EGFP_Control and pHREF1α_mKate, and quantifying EGFP and mKate colocalization at 24 h.
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